Introduction {#sec1}
============

Nonspecific interactions between engineering materials and complex biological fluids obstruct the performance of many biotechnological and biomedical devices.^[@ref1],[@ref2]^ In particular, nonspecific adsorption of protein or fouling from biological media can cause issues such as blockage of flow-through separation columns and porous membranes,^[@ref3]^ nonspecific response of label-free affinity-based biosensors,^[@ref1],[@ref4]^ reduced circulation time of nanocarriers in the bloodstream,^[@ref5]^ and bacterial attachment on contact lenses.^[@ref6],[@ref7]^ The fouling can be curbed by introducing antifouling coatings on the surfaces of the materials that are in contact with a biological matrix.^[@ref1],[@ref2],[@ref8]−[@ref10]^ The creation of these coatings that can resist nonspecific interactions with a biological medium still poses a challenge, in particular their formation in mass manufacturing processes.^[@ref1],[@ref8],[@ref11],[@ref12]^

Numerous approaches to create antifouling coatings have been developed, for example, based on self-assembled monolayers^[@ref13]^ and "grafted to"^[@ref14],[@ref15]^ and "grafted from"^[@ref1],[@ref2],[@ref8],[@ref9],[@ref11],[@ref12],[@ref16]−[@ref22]^ polymer coatings. Although self-assembled monolayers and "grafted to"-polymer layers can decrease adsorption from single-protein solutions, most of them fail when contacted with complex biological matrices, such as blood serum or cells.^[@ref13]−[@ref15]^ The introduction of surface-initiated living radical polymerization (SI-LRP) provided a new efficient instrument to form antifouling layers based on "grafted from"-polymer brushes.^[@ref23]^ For instance, polymer brushes based on oligo(ethylene glycol) methacrylate,^[@ref2],[@ref9],[@ref18]^*N*-(2-hydroxypropyl) methacrylamide (HPMA),^[@ref20],[@ref22],[@ref24]^ carboxybetaine methacrylamide (CBMA),^[@ref2],[@ref9],[@ref17],[@ref20],[@ref24],[@ref25]^ sulfobetaine methacrylamide,^[@ref10],[@ref21],[@ref26]^ and their derivatives have shown remarkable resistance to nonspecific adsorption of proteins and also cells from complex biological fluids. Surface-initiated atom-transfer radical polymerization (SI-ATRP) is the most commonly applied SI-LRP method thus far.^[@ref1],[@ref2],[@ref8],[@ref19],[@ref20],[@ref27]^ The well-controlled nature of SI-ATRP allows to tune the thickness and density of polymer brushes in order to achieve the best resistance to nonspecific protein adsorption.^[@ref23],[@ref28]^ The versatility of SI-ATRP allowed to grow polymer brushes from almost any type of surfaces.^[@ref29]^ However, the SI-ATRP technique uses relatively high concentrations of metal-based catalysts to generate radicals from alkyl halides,^[@ref8],[@ref10],[@ref18],[@ref20],[@ref21]^ provides limited means to structure the brush layer in either composition or thickness, and requires a rigorous control over an oxygen-free atmosphere to perform the reaction. Therefore, new approaches have been developed to overcome these limitations.

An approach based on single-electron transfer living radical polymerization (SET-LRP) strongly reduced the amount of Cu^0^ needed to conduct the polymerization.^[@ref22]^ Recently, our group introduced the use of light-triggered living radical polymerization (LT-LRP) using an iridium-based catalyst, which allowed to control the thickness and functionality of antifouling polymer brushes in a spatial manner (via patterning) and over time (via intensity and duration of the illumination). This thus opened up the possibility to create micropatterned antifouling bioactive layers with a controlled thickness and functionality per pattern.^[@ref24]^ However, the third limitation still remains: despite the well-controlled and tunable nature of SI-ATRP, SET-LRP, and LT-LRP, they all require an oxygen-free environment during the polymerization.^[@ref8],[@ref9],[@ref11],[@ref12],[@ref18],[@ref20],[@ref22],[@ref24]^ This also applies to novel surface-initiated approaches based on reversible addition--fragmentation chain transfer (RAFT)^[@ref30]^ and photoiniferter-mediated polymerization (PIMP):^[@ref31]−[@ref33]^ no heavy metal catalysts are required, and a wide compatibility with a large number of monomers exists, but they still require oxygen-free conditions to sustain the controlled radical polymerization.

Recently, a new RAFT-based technique was introduced: photoinduced electron transfer-RAFT (PET-RAFT).^[@ref34]−[@ref37]^ This method allowed to synthesize polymers in a controlled fashion in the presence of oxygen. The mechanism and living nature of PET-RAFT polymerizations were previously investigated by Xu et al.^[@ref38]^ They proposed that the reaction proceeds according to a reductive quenching cycle of eosin Y (EY) in which triethanolamine (TEOA) acts as a sacrificing electron donor to reduce oxygen in the polymerization system. The reduction of oxygen allows the polymerization to proceed in an oxygen-containing environment. In addition, the mild conditions and water compatibility enabled the synthesis of polymer grafting of polymer chains from a DNA and living cells.^[@ref35],[@ref36]^ Moreover, it was recently shown that this method is also suitable for surface-initiated polymerization of polymer brushes.^[@ref37]^

Herein, we show the synthesis of antifouling polymer brushes employing surface-initiated PET-RAFT (SI-PET-RAFT). We demonstrate that this method is suitable for growing brushes in water with an accessible and affordable organic photocatalyst, EY. The applied technique is thus free from heavy metals. We have synthesized polymer brushes based on three different types of antifouling monomers: oligo(ethylene glycol) methacrylate (MeOEGMA), HPMA, and CBMA (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), as these represent three main chemical approaches toward minimizing the nonspecific adsorption of proteins by polymer brushes. Moreover, we aimed for a truly robust method that should allow polymerization in two- and three-dimensional patterns of all three of those chemically different monomers in oxygen-tolerant conditions. The composition, thickness, and pattern formation of the resulting brushes were characterized extensively by X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and imaging ellipsometry. The antibiofouling properties of the synthesized polymer brushes were analyzed using fluorescence confocal laser scanning microscopy (CLSM) of surfaces exposed to single-fluorescent protein solutions and bovine serum (BS).

![Schematic Depiction of the Air-Tolerant SI-PET-RAFT Technique To Make Antifouling Polymer Brushes](la9b03536_0005){#sch1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

All chemical reagents were used without further purification, unless otherwise specified. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid *N*-succinimidyl ester (RAFT-NHS), (3-aminopropyl)triethoxysilane (APTES), TEOA, EY, triethylamine (TEA), oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA, average *M*~n~ 300), ethanol (EtOH, 99.9%), acetone (99.5%), dry tetrahydrofuran (THF, 99.9%), and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich; HPMA was obtained from Polysciences, Inc.; and streptavidin-Alexa488 conjugate (Str-Alexa488) and BS albumin-Alexa488 conjugate (BSA-Alexa488) were purchased from Fisher Thermo Scientific. Silicon substrates were acquired from Siltronix. Deionized water was produced using a Milli-Q integral 3 system (Millipore, Molscheim, France). (3-Acryloylamino-propyl)-(2-carboxy-ethyl)-dimethyl-ammonium (CBMA) was synthesized according to a previously described procedure.^[@ref11],[@ref12],[@ref20]^ BS was obtained and biotinylated as previously described.^[@ref21]^

Light Source {#sec2.2}
------------

Light-emitting diodes (LEDs) with a maximum intensity at 410 nm (Intelligent LED Solutions product number: ILH-XO01-S410-SC211-WIR200) were used, and the current was set at 700 mA, corresponding to a total radiometric power of 2.9 W, according to the manufacturer's specifications.

Formation of RAFT Agent-Functionalized Monolayers {#sec2.3}
-------------------------------------------------

The substrates were rinsed with acetone, absolute ethanol (EtOH), and Milli-Q water and blown dry under a gentle stream of Ar. Subsequently, the surfaces were exposed to an oxygen plasma for 5 min in a plasma cleaner (100 W; 5 mbar O~2~; Diener electronic GmbH, Germany). The freshly activated surfaces were immediately immersed in a freshly prepared solution of APTES (1 mg·mL^--1^) in EtOH at room temperature (RT) for 16 h. The substrates were subsequently rinsed with EtOH and Milli-Q water and blow-dried with Ar. After immobilization of APTES on surfaces, the substrates were submerged in a solution of RAFT-NHS (20 mg, 53 μmol) and TEA (7 mg, 10 μL, 72 μmol) in 1 mL of dry THF at RT for 16 h. The substrates were subsequently rinsed with THF, acetone, EtOH, and Milli-Q water and blow-dried with Ar. The substrates were stored under Ar protection before use.

SI-PET-RAFT Synthesis of Polymer Brushes {#sec2.4}
----------------------------------------

A stock solution consisting of a photocatalyst was prepared containing EY (25 mg, 39 μmol) and TEOA (160 mg, 1.6 mmol) in 10 ml of Milli-Q water. The monomer HPMA (178 mg, 1.3 mmol) or MeOEGMA (94 mg, 0.3 mmol) or CBMA (76 mg, 0.3 mmol) was dissolved in Milli-Q water (1 mL), and subsequently, 10 μL of the stock solution was added. The mixture was vortexed and added to the vials containing surfaces with the immobilized RAFT agent. Immediately after this, the polymerization was conducted by irradiating the vials with visible light from a LED light source for different periods of time. The height of polymerization solution on top of the surfaces was 2 mm. In these experiments, the light source was placed 3--4 cm from the substrates ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)) to prevent substantial heating of the samples with the light. The polymerization was stopped by turning off the light. The samples were removed from the solution and subsequently rinsed with Milli-Q water and ethanol and blown dry under a stream of Ar.

X-ray Photoelectron Spectroscopy {#sec2.5}
--------------------------------

XPS measurements were performed using a JPS-9200 photoelectron spectrometer (JEOL Ltd., Japan). All the samples were prepared and stored under ambient conditions prior to analysis using a focused monochromated Al Kα X-ray source (spot size of 300 μm) radiation at 12 kV and 20 mA with an analyzer energy pass of 10 eV. XPS wide-scan and narrow-scan spectra were obtained under UHV conditions (base pressure 3 × 10^--7^ Torr). All narrow-range spectra were corrected with a linear background before fitting. The spectra were fitted with symmetrical Gaussian/Lorentzian \[GL(30)\] line shapes using CasaXPS. All spectra were referenced to the C 1s peak attributed to C--C and C--H atoms at 285.0 eV.

Static Water Contact Angle Measurements {#sec2.6}
---------------------------------------

The wettability of the modified surfaces was determined by automated static water contact angle measurements with the use of a Kruss DSA 100 goniometer. The volume of a drop of demineralized water is 3 μL. Contact angles from sessile drops measured by the tangent method were estimated using a standard error propagation technique involving partial derivatives.

Spectroscopic Ellipsometry {#sec2.7}
--------------------------

The polymerization kinetics were followed by measuring the dry thickness of the brushes using an Accurion Nanofilm_ep4 imaging ellipsometer. The ellipsometric data were acquired in air at RT using light in the wavelength range of λ = 400.6--761.3 nm at an angle of incidence of 50°. The data were fitted with EP4 software using a multilayer model.

Atomic Force Microscopy {#sec2.8}
-----------------------

AFM surface topography images were acquired by an Asylum Research MFP-3D SA AFM (Oxford Instruments, United Kingdom). Gwyddion software was used to process and analyze the AFM topography images.^[@ref39]^

Fluorescence Microscopy {#sec2.9}
-----------------------

A Leica TCS SP8 confocal laser scanning microscope (Leica Microsystems, Mannheim, Germany) was used to measure protein fouling and specific interactions of the coated surfaces. A Leica HyDTM hybrid detector was used in photon counting mode to measure the intensity of the fluorescence signal. A 10× objective was used, and the samples were set in focus by maximizing the reflected light intensity from the laser. Fluorescence images were obtained by accumulating 10 consecutive images. Images were analyzed with the Leica LAS X Life Science software.

Protein Fouling Studies {#sec2.10}
-----------------------

Fouling of the coated surfaces by individual proteins or in complex biological media was investigated by incubating surfaces in a single-protein solution of Str-Alexa488 (0.5 mg·mL^--1^) or BSA-Alexa488 (0.5 mg·mL^--1^) or in a 10% dilution biotinylated BS for 15 min at RT. The surfaces were then washed with PBS (10 mL, pH 7.4). The samples exposed to biotinylated BS were further labeled, followed by exposure to Str-Alexa (0.5 mg·mL^--1^) for 15 min at RT. Afterward, the samples were again rinsed with PBS (10 mL, pH 7.4) and Milli-Q water (10 mL) and subsequently dried by blowing with Ar. Further, the samples were mounted on the glass slides, and the fluorescence intensity of adsorbed proteins was measured.

The limit of detection was determined by placing 1 μL droplets containing known concentrations of BSA-Alexa488 on plasma-cleaned silicon oxide surfaces. The droplets were allowed to dry. The spot sizes of the dried drops were measured, allowing to calculate the surface density of the dried protein in ng·mm^--2^. The fluorescence intensity of the spots was measured according to the method described above.

Electronic Core-Level Calculations {#sec2.11}
----------------------------------

All calculations were done with the Gaussian 16 program.^[@ref40]^ The geometries of the different systems were optimized at the B3LYP/6-311G(d,p) level of theory. Natural bond orbital (NBO) analysis was employed to obtain the core orbital energies.^[@ref41]^

Results and Discussion {#sec3}
======================

Synthesis of Initiator-Coated Surfaces {#sec3.1}
--------------------------------------

The antifouling polymer brushes were created in four steps starting from bare silicon surfaces ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The surfaces were first coated with a RAFT agent-functionalized monolayer, which was then used for surface-initiated polymerization of the brushes. To this aim, bare silicon surfaces were first oxidized using an air plasma for 5 min and subsequently coated with APTES. The amine-terminated surfaces were reacted with RAFT-NHS, yielding a RAFT agent-functionalized monolayer. From the RAFT agent-coated surfaces, antifouling polymer brushes were grown using SI-PET-RAFT in the presence of EY and TEOA as catalysts based on MeOEGMA (average *M*~n~ 300), HPMA, and CBMA. We will now discuss each step in detail.

The silicon surfaces were functionalized with the initiator in two stages. First, the silicon surfaces were functionalized with APTES. The successful modification with APTES was confirmed with XPS. The XPS wide-scan spectrum showed main peaks that correspond to O 1s, C 1s, N 1s, and Si 2p atoms ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The experimental ratio between C and N was 4.3:1.0, which is slightly higher than the theoretical elemental ratio in the compound (3:1), which is attributed to atmospheric contamination. The high content of oxygen in the XPS spectrum confirms the presence of a thin silicon oxide layer. The XPS narrow-scan spectrum of the C 1s region ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) can be deconvoluted with two peaks. The peak at 285.0 eV is attributed to the carbon atoms in the alkyl backbone of APTES, and the peak at 286.5 eV is assigned to the carbon atoms adjacent to the amino group \[**C**--N\]. The observed ratio between the \[**C**--C/H\] and \[**C**--N\] peaks is 1.7:1.0, which is comparable to the theoretical ratio of 2:1 between \[**C**--C/H\] and \[**C**--N\]. The XPS spectrum of the C 1s region of the APTES monolayer is also in agreement with the predicted XPS spectrum based on calculated core orbital energy levels, as obtained by density functional theory (DFT) calculations ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)).^[@ref42],[@ref43]^ The XPS wide-scan spectrum also allowed to estimate the thickness of the APTES monolayer based on the Si/C ratio.^[@ref44]^ This thickness was estimated to be 0.5 ± 0.1 nm, in line with expectations for an APTES monolayer.

![XPS characterization of the APTES- and initiator-functionalized monolayers. (a) Wide-scan spectra of the APTES- (gray line) and initiator-functionalized monolayers (red line); the inset shows the narrow-scan spectrum of the S 2s region. (b) Corresponding narrow-scan C 1s spectra.](la9b03536_0001){#fig1}

The initiator-functionalized surfaces were created by exposing previously prepared APTES-modified surfaces to RAFT-NHS ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The reaction was conducted in dry THF in the presence of TEA. The success of the reaction was confirmed by XPS. In the XPS wide-scan spectrum, the main peaks can be observed, which correspond to O 1s, C 1s, N 1s, S 2s, and Si 2p atoms with a ratio of 5.2:1.0:0.4 for C/N/S. The theoretical ratio for these elements is 8.0:1.0:1.0 in the case of a 100% conversion of the reaction between APTES and RAFT-NHS. Based on the C/N ratio obtained from eight samples, 29 ± 4% of the surface-bound amines has reacted to hold an RAFT agent moiety ([eq S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)). This was confirmed by the narrow-range C 1s spectrum, which can be fitted with three major peaks attributed to \[**C**--C/H\] at 285.0 eV, \[**C**--NH, N≡**C**\] at 286.4 eV, and \[S=**C**--S, NH--**C**=O, N≡C--**C**\] at 288.X eV. DFT-based simulations of the C 1s spectrum agree with this peak assignment ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)).^[@ref42],[@ref43]^ In addition, the presence of sulfur was clearly shown in the XPS S 2s narrow-scan spectrum ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, inset) with a peak maximum at 228 eV, indicating the presence of the RAFT agent on the surface. These results are in accordance with the previously published XPS spectra of the RAFT agent.^[@ref30]^ The thickness of the obtained layer has increased in comparison with that of the APTES monolayer and was calculated to be 1.1 ± 0.2 nm based on the C/Si ratio. Moreover, the static water contact angle of the coated surfaces before and after RAFT-NHS modification increased from 54 ± 1 to 97 ± 1°. Altogether, these characterizations confirm the successful immobilization of the RAFT agent on the silicon oxide surfaces.

Synthesis and Characterization of Poly(MeOEGMA), Poly(CBMA), and Poly(HPMA) Brushes {#sec3.2}
-----------------------------------------------------------------------------------

Poly(HPMA), poly(MeOEGMA), and poly(CBMA) brushes with different thicknesses were grown from the RAFT agent-coated surfaces by SI-PET-RAFT using EY as a photocatalyst. EY was used because it has been shown to be an oxygen-tolerant photocatalyst for polymerizations.^[@ref45]^ The polymerizations were conducted in Milli-Q water solution in the presence of TEOA. The AFM topography images of brush-coated surfaces through the range of the thicknesses from 4 to 45 nm revealed highly homogeneous layers with roughnesses of *R*~q~ = 0.36 ± 0.03 nm for poly(HPMA), *R*~q~ = 0.14 ± 0.04 nm for poly(MeOEGMA), and *R*~q~ = 0.50 ± 0.18 nm for poly(CBMA). The chemical composition of each synthesized polymer brush was confirmed by XPS (only layers \>20 nm thickness are discussed so as to minimize the effects of the underlying Si surface and original APTES monolayer). The XPS wide-scan spectrum of a poly(MeOEGMA) layer with a thickness of 27 nm, as determined by ellipsometry, showed two main peaks for O 1s and C 1s in a ratio of 1.0:2.6 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The XPS narrow-scan spectrum of the C 1s region shows three main peaks of carbon atoms: \[**C**--C/H\]/\[**C**--O\]/\[O--**C**=O\] in a ratio of 2.8:9.4:1 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). In addition, this C 1s narrow spectrum was simulated for two MeOEGMA monomers ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)), with an average *M*~w~ of 300 (*M*~w~ = 278.35 and *M*~w~ = 322.40). The simulated spectrum gives a ratio between \[**C**--C/H\], \[**C**--O\], and \[O--**C**=O\] of 3:10:1, which is in good agreement with the ratio found by fitting the experimental data.^[@ref42],[@ref43]^ The static water contact angle of poly(MeOEGMA)-coated surfaces was determined to be 49 ± 1°, indicating the formation of a hydrophilic layer. In summary, the XPS, AFM, and contact angle data confirm the presence of well-defined poly(MeOEGMA) brushes.

![XPS characterization of poly(MeOEGMA) brushes: (a) wide-scan spectrum and (b) narrow-scan C 1s spectrum. Poly(CBMA) brushes: (c) wide-scan spectrum with the narrow-scan spectrum (inset) of the N 1s region and (d) narrow-scan C 1s spectrum. Poly(HPMA) brushes: (e) wide-scan spectrum and (f) narrow-scan C 1s spectrum.](la9b03536_0002){#fig2}

The XPS wide-scan spectrum of poly(CBMA) brushes with an ellipsometric thickness of 29 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) shows three main peaks related to O, N 1, and C atoms in a ratio of 2.6:1.8:12.6. This indicates an enhanced carbon content compared to the expected ratio based on the elemental composition of the poly(CBMA) structure: 3:2:12 because of atmospheric contamination. The zwitterionic nature of poly(CBMA) brushes was also confirmed by the XPS narrow-scan spectrum of the N 1s region that displays two chemically different types of nitrogen atoms \[N^+^\] and \[NH\] in a ratio of 1:1.3. The deviation from 1:1 ratio seems to be an XPS-induced change, as noted by van Andel et al.^[@ref21]^ The narrow-scan XPS C 1s spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) displays two broad peaks at 285.0 and 286.3 eV assigned to \[**C**--C/H\] and \[**C**--N\] atoms and a smaller peak at 287.7 eV attributed to the carbonyl and carboxyl atoms. The ratio between the \[**C**--C/H\], \[**C**--N\], and \[**C**=O\] peaks is 5.5:4.6:1.8, which indicates a relatively high aliphatic carbon content compared to the theoretically expected composition of the poly(CBMA) structure (5:5:2). The poly(CBMA) layers also showed high hydrophilicity with a static water contact angle of 20 ± 1°. The overall physicochemical characterization for the poly(CBMA) layers is in good agreement with the properties found for poly(CBMA) layers synthesized using other polymerization methods such as ATRP and PIMP.^[@ref2],[@ref11],[@ref12],[@ref20],[@ref21],[@ref33]^

![Dry thickness of poly(MeOEGMA), poly(CBMA), and poly(HPMA) brushes as a function of the polymerization time, as determined by ellipsometry.](la9b03536_0003){#fig3}

The chemical composition of poly(HPMA) brushes was also confirmed by XPS. The XPS wide-scan spectrum of poly(HPMA) brushes with an ellipsometric thickness of 26 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e) shows three main peaks related to O 1s, N 1s, and C 1s electrons in a 1.8:1:7.6 ratio, which is in agreement with the elemental composition of the poly(HPMA) structure (2:1:7). The narrow-scan XPS C 1s spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) displays a broad peak at 285.X eV, with a shoulder between 286 and 287 eV, attributed to overlapping signals from aliphatic, alcohol, and amine carbon atoms, and a smaller peak at 288.2 eV attributed to the carbonyl atom. The spectrum was deconvoluted by fitting it with four peaks at 285.0 eV assigned to aliphatic \[C--H\] and \[C--C\] atoms, at 285.7 eV from the \[C--N\] atoms, at 286.6 eV from the \[C--O\] atoms, and at 288.2 eV from the NH--C=O atoms. The fitted ratio between the \[C--C/H\], \[C--N\], \[C--O\], and \[C=O\] peaks is 3.6:1.2:1.2:1.1, which correlates with the theoretically expected composition of the poly(HPMA) structure (4:1:1:1). Accurate fitting is in this case difficult because of the overlap between the \[C--C/H\], \[C--N\], and \[C--O\] peaks, in line with the previously reported experimental and simulated C 1s XPS spectra.^[@ref24]^ The poly(HPMA) brushes displayed a static water contact angle of 49 ± 1°, confirming the formation of a hydrophilic brush. In summary, well-defined poly(HPMA) brushes could also be made by this SI-PET-RAFT method, yielding characteristics that correspond to that of analogous coatings made by other methods, such as SET-LRP,^[@ref22]^ ATRP,^[@ref20]^ and LT-LRP.^[@ref24]^

Kinetics of Polymer Brush Growth {#sec3.3}
--------------------------------

The kinetics of the polymer brush growth for all three monomers were followed by measuring the polymer brush layer thicknesses with scanning ellipsometry ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The polymer brushes all demonstrated a linear growth in the first hour, which indicates the controlled nature of the polymerization. This allows tuning of the polymer brush thickness from 0 to 40 nm and reaching thicknesses higher than 10 nm within the first 20 min of polymerization under ambient conditions, that is, in an oxygen-containing environment. Thicknesses higher than 10--15 nm are required for significant resistance toward nonspecific adsorption from complex biological matrices by polymer brushes based on antifouling monomers such MeOEGMA, HPMA, and CBMA.^[@ref18],[@ref20],[@ref21]^ The rate of polymerization during the first hour for poly(MeOEGMA), poly(HPMA), and poly(CBMA) was determined to be 0.44 ± 0.04, 0.51 ± 0.05, and 0.21 ± 0.04 nm·min^--1^, respectively. \[Note: The concentration of the HPMA monomer was increased 4 times in comparison with that of CBMA and MeOEGMA. Lower monomer concentrations of HPMA did not allow to create brushes thicker than 14 nm.\] After 2 h of the polymerization of kinetics, all three monomers had slowed down, which is probably related to gradual oxidation of the photocatalyst.^[@ref37],[@ref46]^ However, it has been shown before that it is possible to grow thicker brushes by refreshing the polymerization solution or conducting the polymerization in the presence of an oxygen-consuming agent.^[@ref34],[@ref37]^ This indicates that the living nature of the polymers is not lost during PET-RAFT polymerization. Moreover, it has been reported that the rate of polymerization in an oxygen-containing environment in PET-RAFT polymerization conditions is slower and less controlled than that in an inert atmosphere,^[@ref47]^ although such factors clearly do not prevent the smooth growth of thick, homogeneous polymer brushes.

The relatively fast rate and oxygen-tolerant nature of the polymerization allow the SI-PET-RAFT technique to be easily scaled up and used in a wide range of biotechnological and biomedical applications. Moreover, we demonstrate that the SI-PET-RAFT technique can be used with relatively low concentrations of monomer (typically 0.3--1.3 M) and photocatalyst (∼39 mM) that creates favorable conditions for its mass application.

Patterning {#sec3.4}
----------

Another significant advantage of our SI-PET-RAFT approach is that it enables the formation of complex 3D structured polymer brush layers by using a mask and tuning its thickness. This was demonstrated by the growth of poly(HPMA) from a RAFT agent-functionalized surface with a patterning mask. This resulted in a surface with a patterned polymer ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)), with a brush thickness of 30 nm in the exposed regions. In addition, we conducted a control experiment in which a plasma-cleaned silicon substrate without an immobilized RAFT agent was submerged into the polymerization solution and exposed to the same polymerization conditions for 4 h. The sample showed a negligible amount of the absorbed monomer by XPS and an average thickness of 2.1 ± 0.3 nm. This confirms that the polymerization indeed proceeds via the RAFT agent linked to the surface.

Antifouling Properties of Polymer Brushes Synthesized by SI-PET-RAFT {#sec3.5}
--------------------------------------------------------------------

To demonstrate the antifouling properties of the obtained polymer brushes, they were challenged with fluorescently labeled single-protein solutions of streptavidin-Alexa488 conjugate (Str-Alexa488, 0.5 mg·mL^--1^) and BS albumin-Alexa488 conjugate (BSA-Alexa488, 0.5 mg·mL^--1^) and with 10-fold diluted biotinylated BS in each case for 15 min. The fouling by biotinylated BS was detected by subsequent exposure to the Str-Alexa488 solution, which binds to the biotin residues of any fouling serum protein present on the surface. The bare silicon surface showed high fluorescence intensities from all three solutions ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), indicating significant fouling. The fluorescence intensity of all polymer brush-coated samples was low after exposure and similar to the background level measured for unexposed surfaces ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The limit of detection of this fluorescent label-based method was determined to be ∼0.3 ng·mm^--2^ (corresponding to a fluorescence intensity of about 6 a.u.) by measuring the fluorescence intensity and size of spots of dried drops with known concentrations of fluorescence-labeled proteins ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf)). The fluorescence intensities of all polymer brush-coated surfaces after exposure are below the detection limit. Overall, the synthesized polymer brushes showed good antifouling properties (\<0.3 ng·mm^--2^) toward single-protein solutions as well as complex biological liquids such as diluted BS.

![Fluorescence intensity at 500--550 nm of bare silicon, poly(MeOEGMA), thickness: 27 nm, poly(CBMA), thickness: 29 nm, and poly(HPMA), thickness: 26 nm, before and after exposure to solutions of Str-Alexa488 (0.5 mg·mL^--1^), BSA-Alexa488 (0.5 mg·mL^--1^), and Str-Alexa488-labeled 10% diluted biotinylated BS.](la9b03536_0004){#fig4}

Conclusions {#sec4}
===========

We developed a simple light-induced and oxygen-tolerant way for creating antifouling polymer brushes. The brush growth involved a SI-PET-RAFT polymerization. The polymerization was conducted using visible light in an aqueous environment in the presence of EY and TEOA as catalysts. We demonstrated that this approach creates well-defined antifouling polymer brushes based on oligo(ethylene glycol) methacrylate, HPMA. and CBMA. The designed polymer brush coatings showed good antifouling properties in single-protein solutions of BS albumin and streptavidin and also in diluted BS medium. The absence of heavy metal catalysts, the tolerance toward the presence of oxygen, and the phototriggered nature of this polymerization method allow this technique to be used for the construction of patterned surfaces and also to be readily scaled up. We envision that the simplicity of this technique will facilitate the introduction of antifouling coatings based on polymer brushes in mass manufacturing of biomedical and biotechnological devices.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03536](https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03536?goto=supporting-info).SI-PET-RAFT polymerization setup and photopolymerization reactor; simulated C 1s XPS spectrum of APTES, the RAFT agent, and MeOEGMA; images of a patterned layer of poly(HPMA); and fluorescence intensity versus concentration of BSA-Alexa488 spots ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03536/suppl_file/la9b03536_si_001.pdf))
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